The effect of slip transfer on the deformation mechanisms of Al bicrystals was explored using a rate-dependent dislocation-based crystal plasticity model. Three different types of grain boundaries (GBs) were included in the model by modifying the rate of dislocation accumulation near the GB in the KocksMecking law, leading to fully-opaque (dislocation blocking), fully-transparent and partially-transparent GBs. In the latter, slip transmission is only allowed in pairs of SS in neighbour grains that are suitably oriented for slip transfer according to the Luster-Morris parameter. Modifications of the GB character led to important changes in the deformation mechanisms at the GB. In general, bicrystals with fully-opaque boundaries showed an increase in the dislocation density near the GB, which was associated with an increase in the Von Mises stress. In contrast, the dislocation pile-ups and the stress concentration were less pronounced in the case of partially-transparent boundaries as the slip in one grain can progress into the next grain with some degree of continuity. No stress concentrations were found at these boundaries for fully-transparent boundaries, and there was continuity of strain across the boundary, which is not typical of most experimentally observed GBs (Hémery et al., 2018; Bieler et al., 2019) . Simulations of ideal bicrystals oriented for favorable slip transfer on the most highly favored slip system in grains with high Schmid factors for slip transfer depends on the number of active SS in * Corresponding author. operation in the neighborhood and that most boundaries will lead to nearly opaque conditions while some boundaries will be transparent. Finally, the model was applied to a particular experimentally observed GB in which slip transfer was clearly operating indicating that the model predicted a nearly transparent GB.
Introduction
There has been extensive research for the past three decades to identify how the microstructure affects the deformation of polycrystalline materials. Length scale effects installed into homogenized continuum polycrystal material models can simulate the effects of grain size and evolving dislocation density (Al-Rub and Voyiadjis, 2006; Voyiadjis and Deliktas, 2009 ) but they cannot take into account the heterogeneous deformation that is commonly observed in polycrystals. An excellent example can be found in the insightful image of an initially polished copper multicrystal deformed in tension by Delaire et al. (2000) , which shows heterogeneous deformation of each grain via slip traces that differ significantly in each grain, as well as within different regions of the same grain. Such images challenge the standard continuum assumption of Taylor models where the strain of each grain is uniform, and slip arises from the five most favoured slip systems (SS) within each grain.
Development of the viscoplastic self-consistent model (Lebensohn and Tomé, 1993) enabled different grain orientations to be strained by different amounts due to the accommodation effects of softer grain orientations to the greater deformation resistance of harder grains (where slip can also occur on less than five SS in a given grain orientation). However, this approach does not consider the actual grain boundary (GB) neighbour interactions or the geometry of grains (refinements to overcome this limitation have been extensive (Lebensohn, 2001; Zecevic et al., 2017) . Because each grain deforms according to the deformation processes taking place in neighboring grains as well as itself, each grain has complex evolving boundary conditions governing its deformation (Miller and Dawson, 2014) .
This complex set of boundary conditions makes approaches such as finite element modeling of mesoscale grain geometry necessary (Zhang et al., 2015) . To this end, crystal plasticity finite element modeling is effective because the deformation of each grain is constrained to occur by the available SS within each grain and such models have seen much attention in the past decade (Kalidindi et al., 2004; Lebensohn, 2001; Segurado et al., 2018) . Crystal plasticity finite element modeling of polycrystals (with realistic smooth and complex shaped boundaries) is commonly accomplished using two approaches for the evolution of the slip resistance . in the phenomenological approximation, the shear rate of each slip system evolves in accordance with an analytical function of resolved shear stress that also considers the activity of other SS in each integration point in an element using a hardening interaction matrix to model latent hardening (Roters et al., 2010) . Alternatively, dislocation density-based approaches are used, such that the local strain history causes development of a dislocation density within each integration point (Lim et al., 2011; Haouala et al., 2018) .
While both of the above approaches generate heterogeneous deformation in different parts of a given grain that is similar to experimental observations, the agreement between such models and experimental measurements with the same grain sizes and textures has not been fully convincing. For example, comparisons between experimental measurements of activated SS and simulations of the same (usually simplified) microstructure often show good agreement about which SS are activated, but the agreement is worse in regions near GBs and triple points (Yang et al., 2011; Lim et al., 2015) . One reason for these differences is that the finite element model intrinsically provides no properties of GBs and heterogeneous deformation arises from the discontinuity in properties on either side of the boundary. It is well known that GBs provide barriers for dislocations, but material models provide no way to harden the properties of a grain locally due to the presence of a GB unless such properties are built into the geometry of the microstructure and/or the constitutive model. This requires introduction of length scales that are not intrinsically part of a finite element formulation. Hence, the default condition of a finite element mesoscale simulation of a deforming microstructure assumes that GBs have no resistance to the transfer of strain.
There is much experimental evidence of hardening effects at GBs. For example, early observations of bicrystal deformation show that SS other than the most favoured one are active in some cases, but only near a GB (Livingston and Chalmers, 1957) . In other cases, slip in one grain transfers directly onto a nearly aligned slip system in the neighboring grain (Shen et al., 1988; Lee et al., 1990) . Experimental observations of polycrystals using transmission electron microscopy (TEM) also indicate that many boundaries act as barriers for slip, resulting in nucleation of limited amounts of slip on other systems within the same grain to accommodate the slip resistance effects of a GB. When dislocations pile up at a GB, this results in an accumulation of dislocations of one sign, leading to localized lattice rotation near boundaries, which can also be detected with electron backscatter diffraction (EBSD) mapping and corresponding slip traces that terminate at GBs on both sides of the GB (Bieler et al., 2014; Bond and Zikry, 2017) . However, slip traces are continuous across the boundary in other boundaries where slip transfer is observed, and there is little lattice rotation on either side of the boundary, while TEM images show continuous passage of dislocations through the boundary (Field and Alankar, 2011; Kacher et al., 2014) . It is assumed that the boundary is essentially transparent to a dominant slip system and provides little resistance to slip. Rules for these processes have been proposed (Luster. and Morris, 1995; Lee et al., 1990 ) assessed with molecular dynamics (Spearot and Sangid, 2014; Wang, 2015) and, to some extent, with dislocation dynamics (Dewald and Curtin, 2007) . Hence, rather than using a statistical or homogenized approach to model the effects of GBs on mechanical properties with a length scale parameter, a deterministic approach based on physical observations should be possible to model the properties of GBs, and this is the motivation for the present investigation.
Given that the finite element model intrinsically assumes transparent conditions at GBs, it is necessary to take into account the hardening effect of GBs. Many models have been developed in recent years to account for dislocation density evolution with the ability to account for dislocation transport through the crystal. These models include continuum dislocation dynamics models (Hochrainer et al., 2014; Hochrainer, 2015; Xia and El-Azab, 2015) , mesoscopic field dislocation dynamics dynamics (Acharya, 2001; Berbenni et al., 2014) or higher-order CP frameworks Gurtin (2008) . However, in all the cases, the underlying coupled partial differential equations governing the models are complex (transport problems coupled with elliptic partial differential equations) and their numerical treatment is complicated and numerically very expensive. Moreover, such models are in general devoted to intragranular deformation and the conditions for slip transmission between grains using such a higher order approach has been only considered in detail in Gurtin (2002) . The effect of grain boundaries can also be considered by means of strain gradient plasticity models, which take into account the geometrically necessary dislocations that arise from the deformation incompatibility between neighbour grains (Ma et al., 2006; Acharya and Beaudoin, 2000; Evers et al., 2002; Cheong et al., 2005; Bayley et al., 2007; Bargmann et al., 2010) .
Moreover, Aifantis and Ngan (2007) developed a strain gradient plasticity to account for grain boundarygrain interior interactions. This approach was able to capture the effects of dislocation pileups and allowed the development of an analytical expression which predicts the critical stress at which dislocation transmission/emission takes place at a GB. Nevertheless, these approaches do not take explicitly into account the geometry of the SS and of the GB.
Other approaches to account for GBs in the framework of CP include developing a mantle layer of elements in the GB, where the properties are either initially different from the grain interior, or evolve differently than in the grain interior, to provide the appropriate hardening effects (Pipard et al., 2009) . Lim et al. (2011 Lim et al. ( , 2014 presented another approach in which the information from polycrystal simulations using a dislocation-based crystal plasticity model was used at another length scale to enforce local slip transmission criteria at the GBs depending on the orientation and on the GB strength. More recently, Haouala et al. (2018) and Rubio et al. (2019) have developed a dislocation-based model in which the rate of dislocation storage is not constant within the grain but increases as the distance to the GB decreases. This results in dislocation accumulation at boundaries and hence, higher stresses develop near GBs. Without any assumptions regarding slip behavior other than intrinsic slip velocity, the model was nearly able to match the flow stress of different FCC (Al, Ni Cu and Ag) polycrystals as a function of the average grain size. However, the hardening in the model was slightly higher than the experimental results for polycrystals with small average grain size (< 20 µm) and it was assumed that not accounting for slip transfer could account for these differences. Clearly, there are ways to model the discrete behavior of dislocations that are effective, but they are accomplished in computational settings that have idealized boundary conditions. On the other hand, CP models can track evolving local stress states near grain boundaries, but this evolution is not likely to be accurate unless the local dislocation behavior is correctly modeled. To make progress past this conundrum, the approach taken in this paper is to modify dislocation behavior near grain boundaries based upon simple physically motivated assumptions to determine if comparisons with physical experiments of the same microstructure lead to improvements.
In parallel, experimental investigations of slip transfer in Al polycrystals have provided a statistically relevant evidence that slip transfer across GBs took place when the Luster-Morris parameter > 0.95, which corresponds to low-angle boundaries with <15
• misorientation (Bieler et al., 2019) . It is obvious that the presence or not of slip transfer through the GB has important consequences from the viewpoint of the SS activated in each grain and the build-up of stresses at the boundary (which may lead to the formation of ledges or to fracture). Moreover, constraint of the surrounding polycrystal or the presence of free surfaces may also influence the deformation mechanisms around the GB, but these phenomena have not been analyzed in detail. This is the main objective of this investigation, which is inspired by the experimental evidence of slip transfer across a GB in pure Al presented in section 2. The behavior of the GBs in various bycrystals -representative of the experimental conditions as well as of idealized conditions -is analyzed by means of dislocation-based crystal plasticity model in (Haouala et al., 2018) and (Rubio et al., 2019) , which was modified to take into account the effect of slip transfer along particular SS. It should be noted that this type of physically-based CP models based on classic continuum mechanics are able to account for many of the phenomena of interest related to dislocation evolution in the grain such as slip, reproduction of hardening stages, thermal activation of deformation mechanisms, etc., in a simple manner. In addition, computational homogenization models based on CP frameworks are now able to consider three dimensional polycrystalline models with millions of degrees of freedom. For these reasons, in this paper we consider a classical framework with a simple physically-motivated crystal plasticity model. The model can be used to analyze simple cases such as a bicrystal, and provide simulations of experiments, but in addition, this model can be further used in a full polycrystal without any other modifications. The modified model is presented in section 3, while the details of the numerical simulations are summarized in section 4. The simulation results of the behavior of the bicrystals under unconstrained and constrained deformation are presented and discussed in section 5, while the main conclusions of the paper are summarized in the last section.
2. Experimental evidence of slip transfer across the GB Slip transfer across GBs was studied in annealed polycrystalline Al foils of 200 µm in thickness deformed in uniaxial tension up to 5% strain (Bieler et al., 2019) . The average grain size was 390 ± 30 µm and the grain orientation was measured by EBSD prior to deformation. (Fig. 1a) . The GB analyzed is in the center of the outlined area marked in Fig. 1a,b) and it is almost perpendicular to the horizontal deformation axis. After deformation, the sample was examined in the scanning electron microscope and the secondary electron micrographs of the region near the GB are shown in Fig. 1b) . The clearly visible slip traces identify the active SS operating in each grain. From the grain orientations (Table 1) , the slip trace directions and Schmid factors (SF) in both grains across the GB were computed based upon the (convenient) assumption of uniaxial tension using the slip system definition in Table 2 . Every slip system is listed in Table 3 in descending order of the SFs corresponding to the 12 SS (SS) in grain B to the left of the boundary (first two columns) and the SFs corresponding to the 12 SS in grain A to the right of the boundary (first two rows). Because both grains have a near-cube orientation, there are eight SS with SFs above 0.3. The underlined SS are those whose traces would not be highly visible on the specimen surface due to the Burgers vector being nearly parallel to the surface, so their activation cannot be confidently confirmed by slip trace analysis. The slip traces corresponding to the visible SS with the highest SFs are indicated in Fig. 1c ) with different colored line segments: green for SS 1-3, red for SS 4-6, blue for the SS 7 and yellow for the SS 9-12. The experimentally observed slip traces match very well with the green traces of SS1 in both grains. In addition, there are faint slip traces in both grains aligned with the blue trace. Because the GB is difficult to distinguish in Fig. 1c ), this indicates good compatibility in the deformation that does not lead to the formation of a ledge, indicating uniform strain in both grains near the boundary. The geometry of slip transfer between two SS α and β on either side of a boundary is defined in Fig. 2 by the three angles: κ (the angle between slip vectors), ψ (the angle between slip plane normals), and Θ (the angle between the two slip plane intersections with the GB plane). Different criteria for slip transfer have been proposed in the literature (Lee et al., 1990; Bayerschen et al., 2016) , assuming that transmission is more likely when Table 3 . (c) Detail of the slip traces around the GB. The green, red, blue and yellow lines correspond to the calculated traces of the planes for SS 1-3, 4-6, 7-9 and 10-12, respectively, on the surface of grain B to the left and grain A to the right of the GB. The most apparently active SS are systems 1 on both sides, and 9 to a greater degree in the right grain (A) than the left grain (B; the slip trace topography for SS 9 is small, suggesting that the Burgers vector is nearly parallel to the surface). the slip plane and slip direction are closely aligned, and the angle between the slip planes in the boundary is small. Other important factors are minimizing the residual Burgers vector content left within the boundary after transmission, and a sufficiently high resolved stress to drive the transmitted slip. Recent experimental observations in Ti (Hémery et al., 2018) and Al (Bieler et al., 2019) have found a good correlation between slip transmission and the Luster-Morris parameter m αβ , which is expressed as
An additional advantage of the m αβ parameter is that it can be determined for each GB from the Euler angles of the adjacent grains (Bieler et al., 2019) . In particular, Bieler et al. (2019) found that slip transfer in cube-oriented polycrystals was consistently found when m αβ > 0.95, which corresponds with misorientations less than ≈ 18
• . In the case of the GB in Fig. 1 , the misorientation angle is 13.4
• , and a consequence of this is that every slip system in grain A has a m αβ parameter > 0.95 with its corresponding slip system in grain B. Thus, slip transfer across this GB is favored on any slip system, but there is convincing slip transfer Table 3 : m for different pairs of SS across the GB in 1b), which is misoriented by 13.4 through the grain boundary on one slip plane, as evident by the continuous slip traces and the lack of ledges along the GB (which are difficult to identify in Fig. 1c ). With higher misorientations, slip transfer is usually restricted to one pair of SS, which cannot fully accommodate the anisotropic deformation of each grain (Hémery et al., 2018; Bieler et al., 2019) . The influence of slip transfer on the activation of the SS in each grain and on the build-up of stresses at the GB is not known, but there is some evidence for a threshold for slip transfer based upon the sum of the SFs times m αβ for the two correlated SS (Bieler et al., 2019) .
Crystal plasticity model including slip transfer at GBs
The mechanical behavior in each crystal within the polycrystal follows the dislocation-based crystal plasticity model presented in Haouala et al. (2018) , which is described sufficiently to motivate the modifications made to track slip transfer. The relationship between the resolved shear stress τ α acting on the slip system α and the corresponding plastic strain rate,γ α , is expressed as (Kocks et al., 1975; Kubin and Louchet, 1978) )
where m is the strain-rate sensitivity coefficient,γ 0 the reference shear strain rate and τ α c the critical resolved shear stress (CRSS) on the slip system α. Following Taylor (1934) , the CRSS depends on the dislocation density on the different SS according to (Franciosi et al., 1980) 
where µ and b denote the shear modulus and the Burgers vector, respectively, and ρ β is the dislocation density in the slip system β. The dimensionless coefficients a αβ of the dislocation interaction matrix represent the average strength of the interactions between dislocations in pairs of SS and can be determined by means of dislocation dynamics simulations for each type of crystal lattice Bertin et al., 2013) .
The overall hardening of the crystal during deformation is controlled by the evolution of the dislocation density, which depends on the balance between the generation and the annihilation of dislocations (Kocks and Mecking, 2003; Teodosiu, 1997) . This model implicitly assumes that there are enough dislocation sources in any location that they can be activated with a sufficiently large resolved shear stress. The accumulation rate of dislocations in each slip system α,ρ α , can be expressed as (Haouala et al., 2018 )
where α is the dislocation mean free path along the system α, d b the distance to the closest GB along the slip system α and y c the effective annihilation distance between dislocations. Dislocations are generated as a result of the interaction of dislocations with other dislocations within the bulk of each crystal and at the GBs, that block dislocation slip and lead to the formation of pile-ups. The former mechanism depends on α , which can be obtained as (Ambrosi and Schwink, 1978; Kubin et al., 2008) 
where K is the similitude coefficient relates the flow stress with the average wavelength of the characteristic dislocation pattern and was estimated by Sauzay and Kubin (2011) for different FCC metals. The accumulation of dislocations at the GBs assumes that no dislocation can cross the boundary between crystals leading to a dislocation pile-up and to a local stress concentration, without any assumptions regarding slip behavior. This accumulation depends on the constant K s ≈ 5 that controls the storage of dislocations on the GB and was determined by means of dislocation dynamics simulations (de Sansal et al., 2010) . The annihilation of dislocations in eq. (4) is determined by y c , the effective annihilation distance between dislocations, which can be taken as the average between the annihilation distance between edge dislocations (of the order of 6b) and screw dislocations (which depends on the stacking fault energy, temperature and strain rate) (Rubio et al., 2019) . Eq. (4) assumes that slip transfer is always blocked at the GBs, which contradicts the experimental evidence (Fig. 1) . To include the possibility of slip transmission, this equation was modified to account for slip transfer along pairs of SS with high m αβ . Thus, the m αβ values for the slip system α with respect to all the SS β in the closest neighbour grain were calculated from the orientation of both grains. If m αβ was higher than a critical value (taken as 0.95 in this case), it was assumed that slip transfer was possible along this boundary and the term K s /d b was not included in eq. (4) for slip system α in this grain. Correspondingly, the same modification was introduced in the slip system β of the grain across the boundary. It should be noted that these changes in the slip behavior are only active near the grain boundary according to eq. (4) and do not modify the behavior of the bulk crystals. Furthermore, there are no other grain boundary details present in the model such as structural or energy evolution with changing crystal orientation or evolving local stress states.
Numerical model
The mechanical behaviour of several idealized Al bicrystals with a GB perpendicular to the loading axis and a total length L = 0.36 mm, was analyzed using the finite element method. The schematic of the bycrystal is shown in Fig. 3a) , while the discretized geometrical model is presented in Fig. 3b ) and includes 10×10×90 3D solid elements or voxels (C3D8 elements in Abaqus/Standard with 8 nodes at the voxel corners and full integration). Thus, the length of each voxel was 8 µm.
The mechanical behavior of each grain was dictated by the rate-dependent crystal plasticity model in the context of finite strain plasticity (more details in Haouala et al. (2018) ) which was modified to account for the possibility of slip transfer across the GB. The model parameters for Al deformed under quasi-static loading conditions were identified in Rubio et al. (2019) and are shown in Table 4 . They include the elastic constants of the Al single crystals Lefebvre, 2006; Knowles and Howie, 2015) , the viscoplastic parametersγ 0 and m (Evers et al., 2004) , and all the parameters that determine the interactions among dislocations and dislocations and GBs (Rubio et al., 2019) . It should be noted that the grain boundaries are not modeled as a single row of elements in each crystal in the bicrystal model. All the Gauss points in the finite element model for which the condition
is fulfilled are affected by the presence of the grain boundary, regardless of whether they are in the first row of elements in contact with the grain boundary or farther away. Moreover, as α varies during deformation in each Gauss point, the region affected by the grain boundary also changes during the simulation.
Three different pairs of bicrystals were analyzed. The first two cases are idealized simulations to understand the effect of slip transfer with two contrasting cases where the mechanisms of deformation around the boundary involved a single slip system and two SS. In each case, two different sets of boundary conditions were considered. The first one was unconstrained de-formation, in which the bicrystal was deformed in tension along the z axis while the lateral surfaces were stress-free. The second boundary condition corresponded to constrained deformation: the bicrystal was deformed in tension along the z axis while periodic boundary conditions were applied on the surfaces perpendicular to the x and y axes. In all cases, the nodes at z = L were displaced at a constant velocity along the z axis, leading to a constant strain rate of 7.0 10 −4 s −1 , up to a far-field applied strain of 2%. The third case analyzed corresponds to the two crystals with the orientation in Fig. 1 to show that the crystal plasticity model with slip transfer is able to reproduce the experimental results.
For each bicrystal and boundary conditions set, three simulations were carried out with different properties for the GB. In the first case (fully transparent GB), the term K s /d b in eq. (4) was not included in the constitutive equation of each grain and, thus, slip in one grain can progress freely into the next grain through the boundary in transparent GBs. This is the default behavior considered in standard crystal plasticity simulations. The second case (fully opaque GB) includes the term K s /d b in eq. (4) in all the Gauss points of the numerical model, following Haouala et al. (2018) and Rubio et al. (2019) . Thus, dislocation pile-ups are formed on all SS at the GB and, thus, opaque GBs block dislocation motion and do not allow slip transfer through the boundary. The partially transparent GB is found between these two bounding cases. The magnitude of the Luster-Morris parameter for each pair of SS in both crystals, m αβ , was determined; if m αβ > 0.95, the term K s /d b is not included in the eq. (4) corresponding to the SS α and β in each grain. Thus, slip transfer is enabled for these pairs of SS but not for other pairs.
The finite element simulations of the bicrystal behavior were carried out in Abaqus/Standard (Abaqus, 2017) within the framework of the finite deformations theory with the initial unstressed state as reference. The non-linear constitutive equations were integrated using a Newton-Raphson algorithm (Haouala et al., 2018) . The constitutive equations developed in the previous section include the distance to the nearest GB for each slip system. This information was computed and stored at the beginning of the simulations for each slip system in every Gauss point. The deformation gradient in these simulations was small and the distance from the Gauss point to the nearest GB did not change significantly during the analysis. Moreover, it was checked that the voxel discretization of the bicrystal was fine enough to obtain results independent of the voxel dimensions.
Results and discussion
The behavior of three bicrystals with different orientations were analyzed using the crystal plasticity model presented above. The first two cases are ideal bicrystals. In the first case, referred to hereafter as the single slip case, each crystal is oriented to have the maximum possible Schmid factor of 0.5, with these slip systems aligned to be perfectly aligned with each other. In the second case, both crystals are oriented such that two slip systems have the highest possible Schmid factor of 0.43, but only one of them is perfectly aligned with one of the two favored slip systems in the other grain, referred to hereafter as the double slip case. Simulations of the ideal bicrystals were carried out using unconstrained and periodic boundary conditions, and they are analyzed separately. The third case corresponds to the experimental GB in Fig. 1 assuming unconstrained boundary conditions.
The crystallographic orientation of each crystal in the three bicrystals are given in Table 1 using the Bunge Euler angle notation (φ 1 , Φ, φ 2 ). The number, slip plane normal and slip direction of each one of the 12 slip sysytems of the FCC crystals is indicated in Table 2 .
Idealized GBs
The magnitude of the SFs under uniaxial tension and of the Luster-Morris m αβ parameter for each pair of SS is presented in Table 5 for the bicrystal oriented for single slip. Similar information is presented in Table 6 for the bicrystal oriented for double slip. In both tables, the seven highest SFs among all potential SS in grain B and grain A are assembled in descending order in the left column and the upper row, respectively. The numbers in the table indicate the values of m αβ for each pair of SS. The m αβ > 0.95 are printed in bold font. There is only one pair of SS with high SFs and high m αβ in Table 5 , indicating that this bicrystal is suited for single slip. In the case of Table 6 , there are two SS in each grain with high SFs (2 and 10 in grain A and 8 and 4 in grain B), so both crystals are oriented for double slip. However, slip transfer (according to the Luster-Morris parameters in the table) is only possible between SS 2 and 8 but not between 10 and 4. There are also high m αβ values for SS with low SF which are not expected to be active.
Unconstrained boundary conditions
The tensile stress-strain behaviour near the GB of the two Al bicrystals computed with unconstrained boundary conditions, and the corresponding Table 5 : m for different pairs of SS across the GB of two antisymmetrically oriented crystals (misorientation of 57.7
• ) where one slip system is favored over others with the maximum SF and they are aligned nearly perfectly with each other. The first column and the first row indicate the number (N) of the slip system in the grains B and A, that are to the left and to the right of the GB in Fig. 3a) . The second row and the second column indicate the corresponding Schmid factor (SF) for each slip system assuming uniaxial tension. The SS marked with bold font have a high m with other slip system from the adjacent grain. hardening rate-strain curves are plotted in Figs. 4a) and b), respectively. For both bicrystals, the results of the simulations show a higher flow stress with decreasing GB transparency although the differences were small. The strengthening induced by GBs results from the region near the GB in which the storage of dislocations at the boundary increased the dislocation density. The hardening rate of the single-slip bicrystals (Fig. 4a) is always lower than those of the double-slip bicrystals (Fig. 4b ) because of latent hardening as the two most stressed SS in the latter are found in intersecting planes. The evolution of shear strain at the center of the sample near the GB in the lower grain A and the upper grain B (as indicated in Fig. 3a) is shown in Fig. 5 and Fig. 6 for the single-and double-slip Al bicrystals, respectively, for fully transparent, partially transparent, and fully opaque boundaries.
Slip system number (N) and SF of grain

Single-slip bicrystal
For the single-slip favored Al bicrystal, the deformation of the two crystals in the presence of a transparent boundary is dominated by the slip system with the highest SF in each crystal as noted in bold in Table 5 and Figs. 5a) and b) (system 2 in crystal A and system 8 in crystal B). In Table 5 , the rows and columns are sorted in the order of decreasing SF, such that the SS that are most likely to be active are in the upper left corner of the table. The body of the table has the m αβ values that correspond with each pair of SS along the top and left edge. Figs. 5a ) and b) show dominant accumulated shear on the two favored SS (system 2 in crystal A and system 8 in crystal B). Moreover, a secondary SS (5 in crystal A and 11 in crystal B also noted in bold) starts to produce plastic strain when the far-field applied strain was higher than 0.25%.
The accumulated shear strains in each slip system near the boundary in Figs. 5c to f) show that the strains of all SS decrease as the GB changes from fully transparent to partially transparent to fully opaque. In the partially transparent case, the near-perfect alignment between slip system 2 in grain A and slip system 8 in grain B (m = 0.99, Tab. 5) enables slip transmission on this slip system in both crystals, but the GB effect of limiting slip is shown on the other less-active SS ( Fig. 5c and d) . So, by limiting slip transfer to only the most preferred SS in each grain, the amount of shear strain decreased in all active SS near the boundary. On the most favored slip system, the shear strain decreased significantly to about 22% of the transparent condition (from about 0.037 to 0.022). Nevertheless, the shear strain decreased much more when the GB was opaque (Fig. 5e and f) . This same overall effect was observed consistently in many other locations near the boundary and on the free surface as well, but with some variability from location to location.
Double-slip bicrystal
For the double-slip bicrystal, the accumulated shear strain in each slip system is plotted in Fig. 6 as a function of the far-field applied strain for different types of boundaries. In the case of the transparent boundary (Fig.  6a ) and b), slip transfer is mainly concentrated between slip system 8 in grain B with slip system 2 in grain A (m = 0.98), and there is significantly more shear on these two SS than any other. SS 10 in grain A and 4 in grain B have the same high SF (0.43), but their activation is much lower. Moreover, SS 5 in grain A and 11 in grain B, which also have the same SF (0.32), also active.
There is negligible opportunity for slip transfer from slip system 10 in Grain A to either of the highly active systems in grain B (m = 0.42 for slip system 4 and m = 0.19 for slip system 8). In each grain, the two most favored SS are on different planes and in different directions, such that each will generate forest dislocation barriers on the other system. With these four Figure 5 : Accumulated shear strain in each slip system at the center of the GBs for a single-slip-type Al bicrystal as a function of the far-field applied strain under unconstrained boundary conditions. The amount of shear on the favored SS decreases with increasing opacity. Figure 6 : Accumulated shear strain in each slip system at the center of the GBs for a double-slip-type Al bicrystalas a function of the far-field applied strain under unconstrained boundary conditions. The decrease in shear strain due to partial transparence is greater than the single slip bicrystal in Fig. 5. favored SS, the hardening rate resulting from double-slip is higher than that in the single slip case (Fig. 4) .
In the double-slip bicrystal with the partially transparent boundary, the shear strain at the center adjacent to the boundary showed a significant reduction in the shear strains near the boundary, as shown in Figs. 6c) and d). With enabling transparency on only the best aligned pair, which are the most active of the SS (systems 2 in grain A and 8 in grain B), there was also a large decrease in accumulated shear strain in these SS (from 0.016% to 0.002% for a far-field applied strain of 2%. The reduction was even higher with a fully opaque boundary (Figs. 6e and f) . Thus, the effect of making only one pair of SS transparent still leads to significant reduction in the activity of all SS in the vicinity of the boundary.
Comparison between different GB slip criteria
The total slip Γ (= α |γ α | dt) along a line perpendicular to the GB in the center of the bicrystal is shown in Fig. 7a for the single-slip Al bicrystal with fully transparent, partially transparent and fully opaque GB. The farfield applied strain was 2% in all cases. In the case of the fully-transparent boundary, the total slip remain constant near the boundary, indicating that it was not an obstacle for slip transfer. Nevertheless, there is a noticeable hardening effect at the boundary (indicated by the reduction in the total slip) when only the most favored slip system is allowed to be transparent. This hardening is stronger in the fully opaque case.
The equivalent plot of the total slip for the double-slip bicrystal is shown in Fig. 7b . It is interesting to notice that there is a reduction in the total slip near the GB even in the case of the fully-transparent boundary. This hardening of the GB comes about because slip transfer is very easy between slip system 8 in grain B with slip system 2 in grain A (m = 0.98) but not between slip system 10 in grain A and slip system 4 in grain B (m = 0.42). Thus, out of the two SS active in each grain, only one is favorably oriented for easy slip transfer. The hardening of the GB is more marked when slip transfer is only allowed for the pairs of SS with high m and, in fact, is very similar to the one found for the fully-opaque GB.
The influence of slip transfer at GBs on the deformation pattern can be assessed from Figs. ??-10 for the single-slip bicrystal, and 11-13 for the double slip bicrystal. These figures show the contour plots of the accumulated plastic slip on all SS, the total dislocation density and the Von Mises stress, for a single-and double-slip Al bicrystals, for the different boundary characteristics, namely fully transparent, partially transparent and fully opaque.
In the case of the fully transparent boundary, slip in one grain can progress into the next grain with apparent continuity for single and double slip, as shown in accumulated plastic slip contour plots in Figs. ??a and 11a. The continuity of the orange band through the boundary and of the red regions of maximum strain near the boundary illustrate that the boundary has no influence on the continuity of the dominant slip system in Fig. ? ?a. Also, the Von Mises stress in Figs. 10a and the dislocation densities in Fig. 9a , are fairly homogeneous throughout the microstructure for single slip. In the case of double slip, however, the total plastic slip near the GB is slightly lower than far-away (Fig. 11a) because only one dominant slip system in each grain is suitable oriented for slip transfer, as indicated above. As a result, the contour plot of the Von Mises stress (Fig. 13a) shows as light stress concentration. In contrast, there is more plastic deformation away from the boundary than around the GB for the partially transparent and fully opaque boundaries, as shown in Figs. ??b-c and 11b-c. The reduction in the plastic slip near the boundary is accompanied by an increase in the dislocation density due to the formation of dislocation pile-ups (Figs. 9b-c and 12b-c) and also by an increase in the Von Mises stress (Figs. 10b-c and 13b-c) . In the case of opaque boundary, the dislocations are forced to accumulate at the interface, with no possibility to generate any further plastic slip, leading to a pileup of dislocations at the impenetrable interface, (Figs. 9c and 12c) , and to local stress concentrations (Figs. 10c and 10c) . With the partially transmissive boundary, the pileup is less pronounced (Figs. 9a-b and 12a-b) and the stress concentration is reduced (Figs. 10a-b and 13a-b) . The von Mises streses shown in Fig. 10 correlates closely with the dislocation densities in Fig. 9 .
It is interesting to notice that the transition from fully-transparent to partially-transparent to fully-opaque GBs also leads to a gradual transition in all the fields (plastic slip, dislocation density and von Mises stress) near the GB in the case of single slip (Figs. ??, 9 and 10) . One important consequence of this observation is that hindering the slip transfer of the less active SS (partially-transparent interface) cannot be neglected although most of the plastic slip in both crystals is concentrated in two SS suitable oriented for slip transfer. If it is assumed that the GB is fully transparent for all SS, the predictions of all the field variables will be very different from those obtained if slip transfer along less-active SS with low m is inhibited.
In the case of the double slip bicrystal, the contour plots of the field variables (plastic slip, dislocation density and von Mises stress) near the GB are very similar for the cases of partially-transparent and opaque boundary) and very different from those found for the fully-transparent boundary (Figs.  11, 12 and 13) . Thus, the more realistic simulations (partially-transparent GB) in the case of double slip bicrystal are closer to the fully-opaque GB, while they were in between the fully-transparent and the fully-opaque case for single slip bicrystals. This behavior can be attributed to the fact that slip transfer is always hindered in one slip system with high SF in each grain and that hindering the slip transfer of these active SS has major consequences in the accumulation of dislocations and in the hardening of the GB. 
Constrained periodic boundary conditions
The tensile deformation of single-and double-slip Al bicrystals were simulated under constrained periodic boundary conditions, and the corresponding stress-strain curves and hardening curves are plotted in Fig. 14 . As with the unconstrained boundary conditions, the stress and strain hardening curves corresponding to partially-transparent boundaries are in between those of the fully transparent and fully opaque boundaries. It should be noted that the differences in the flow stress for different GBs were higher under constrained boundary conditions than in the case of unconstrained deformation. The magnitude of the flow stress in the case of single slip was similar for both boundary conditions but it was 40% higher in the case of constrained deformation for bicrystals oriented for double slip (Fig. 4a) .
The accumulated shear strains in the active SS near the boundary are shown for both grains in Fig. 15 for a single-slip bicrystal and in Fig. 16 for a double-slip bicrystal, for the three different types of GBs, namely fullytransparent, partially-transparent and fully-opaque. Due to the constrained boundary conditions, the differences in the shear strains in the active SS among the three types of GBs are practically indistinguishable in bicrystals oriented for single and double slip. Periodic boundary conditions do not allow strain gradients to develop along any surface, i.e., the desired overall strain gradient is imposed uniformly along the surface of the bicrystal and, consequently, every finite element in the simulation experiences the same strain path.
For the single-slip Al bicrystal subjected to periodic boundary conditions, the most favored SS with the highest SFs are activated (slip system 2 in crystal A and slip system 8 in crystal B) as shown in Fig. 15 . The shear strains on these dominant SS are about the same as the ones obtained under unconstrained boundary conditions. The strains on the secondary slip system (slip system 5 in crystal A and slip system 11 in crystal B) are about 5% of the strain on the primary slip system for all three boundary types, whereas the secondary slip system in the unconstrained model consistently carries about 8% of the shear of the dominant system for the transparent boundary.
In contrast to the single-slip bicrystal, the double-slip bicrystal deformed under constrained boundary conditions shows very different distributions of shear strain on the favored SS (Fig. 16 ) as compared to the bicrystal deformed unconstrained conditions (Fig. 6) . Under constrained deformation, the two most favored SS in grain A show nearly the same amount of shear strain, with a lesser amount of strain in the third highest SF slip system 5. In grain B, the relative ordering of observed slip activity is quite different; the most strain occurs on slip system 8, followed by 11, 9, and a little on 4 and 10, whereas the order is 8, 4, 11, 9 and 10 in the bicrystal deformed under unconstrained boundary conditions.
Regardless of these differences in the active systems for the bicrystal oriented for double slip for unconstrained and constrained boundary conditions, the effect of the GB characteristics on the field variables did not change. The contour plots of the total slip accumulated on all the SS is not plotted because there is no spatial variation. The contour plots of the Von Mises stress for single-and double-slip Al bicrystals are shown in Figs. 17 and 18 , respectively, for the different GBs. The Von Mises stress is nearly homogeneous throughout the sample, Figs. 17a) and 18a) for the transparent GB, while a stress concentration develops near the GB due to a pileup of dislocations at the impenetrable interface for the opaque GB (Figs. 17c and 18c) . The stress concentration depends on whether the bicrystal deforms by single or double slip despite the fact that the deformation imposed by the surfaces was homogeneous. As in the unconstrained boundary conditions, the partiallytransparent boundary is closer to the transparent case for the single-slip bicrystal, and closer to the opaque case for the double-slip bicrystal (Figs.  17b and 18b ).
Experimental GB
The m αβ values for all pairs of SS in the experimental GB are provided in Table 3 . The consequence of the small 13.4
• misorientation leading to all systems having very high (> 0.95) m αβ values with the corresponding SS in the neighbouring grain is evident, and these m αβ values are in bold font in Table  3 . There are eight pairs of SS (10, 1, 6, 3, 12, 9, 4 and 7) with m αβ ≥ 0.95 and with high SF (≥ 0.30) for both SS across the GB. The experimental results indicate that this GB is transparent from the viewpoint of slip transfer, where at least one SS shows well correlated slip traces. From the observations Bieler et al. (2019) , a threshold of 0.8 was observed for slip transfer based upon the product of m αβ times the sum of the SFs for each slip system pair. Table 7 provides these products for the 8 SS that have high SFs, indicating that four of the SS have a value larger than 0.8. Thus, these four pairs of SS (9-9, 12-12, 1-1, 10-10) were made transparent and the rest opaque in the simulations for the partially transparent GB shown below. This provides an exemplary case to compare simulations with the experimental observations. The experimental results indicate that this GB is very transparent from the viewpoint of slip transfer and it seems an exemplary case to assess the slip transfer criterion based on a threshold value for m αβ . In the experimental evidence in Fig. 1b ) and c), the SS 1 (green) is the most noticeably active in both grains, but its SF is ranked 3rd in grain A and 2nd in grain B (it is possible that SS 3 also contributed to these contiguous slip traces, but its activity would be less visible and it has a lower SF in both grains). The SS 9 (blue, or possibly system 7, but it has a lower SF) is also apparent in both grains, with weak topography associated with a nearly invisible slip direction, but its presence is stronger in grain B. There is no evidence of slip transfer on this slip plane, as the traces fade out close to the boundary.
The simulated shear strain accumulated on each slip system at points A and B (very close to the GB in the center of the sample in each crystal in Fig. 3a) are plotted in Fig. 19 as a function of the applied strain for the three different GB models. It is evident that the amount of strain near the boundary increases with increasing transparency. The simulations with the transparent GB show some degree of agreement with the experiment in that the experimentally observed SS 1 is among the top four active systems in both grains, though SS 10 shows a greater amount of activity in both grains, along with less visible systems (dotted lines). Interestingly, the low visibility SS 9 is very active in grain B but not in grain A, consistent with the experiment. For the partially transparent boundary, the relative activity of the SS is quite different, and SS 1 is not appreciably active, though SS 9 is very active in grain B (opposite of experimental observations). The SS 3 is very active in both grains, which has the same trace as SS 1 that is apparently dominant in the experiment. This could be consistent with the experiment if the observed slip traces are actually from a less visible slip direction. For the opaque boundary, the SS 1 is the most active in grain A, and the SS 9 is the most active in grain B. This too shows a reasonable connection with the experiment, but it is not any more convincing than either of the other two cases.
Considering the relative ranking of SS based upon uniaxial tension assumptions, the relative ranking from the simulations differ significantly, especially for grain B, where they are in nearly the reverse order; the most active slip system in all three simulations has the 6th highest SF. The relative ranking of activity of SS in grain B is more consistent for the three simulations than in grain A, which has a variety of relative rankings depending on the simulation.
While the agreement is not perfect, the simulation has significantly different boundary conditions than the simulation, as the simulation has free surfaces on all four sides, and the experiment has one free surface from which observations come. The simulation tracks slip activity in the center of the sample. Given these rather important differences, it is reasonable that the agreement is not perfect. Nevertheless, the degree of agreement between the experiment and simulation is at least semi-quantitatively credible, suggesting that the simulation method is able to capture a reasonable approximation of physically meaningful slip behavior as influenced by the grain boundary. This comparison is not a validation of the model, but it points toward consistency.
Conclusions
The effect of slip transfer on the deformation mechanisms of Al bicrystals deformed in tension was explored using a rate-dependent dislocation-based crystal plasticity model. The critical resolved shear stress on each slip system Figure 19 : Evolution of the shear strain accumulated on each slip system is plotted for each crystal very close to the GB at points A and B as a function of the applied strain for the experimental GB. The results for fully-transparent, partially-transparent and fully-opaque GBs are included.
depends the dislocation density through the Taylor model and the evolution of the dislocation density in each slip system follows a Kocks-Mecking law. In the latter, the net storage rate of dislocations per slip system is the sum of a positive storage rate governed by a length scale which was the lowest of the dislocation mean free path or distance to the GB, and a negative term accounting for dynamic recovery. This formulation naturally leads to the formation of pile-ups at the GBs and, thus, to fully-opaque (blocking) GBs (Haouala et al., 2018) . If the GB term is not included in the Kocks-Mecking law, the GBs are fully-transparent from the viewpoint of slip transfer. In addition, partially-transparent GBs were introduced in the model through the use of the Luster-Morris parameter. When the Luster-Morris parameter between two slips systems in neighbouring grains is above a critical value (indicating that both systems have highly geometrically aligned SS), the GB term in the Kocks-Mecking law is not included for these SS, allowing the slip transfer between them.
Two ideal bicrystals were oriented for preferred slip on a single slip system and for slip on two SS with the same high Schmid factor, and simulations were carried out under unconstrained and constrained periodic boundary conditions. The results of the numerical simulations showed that the plastic deformation of the bicrystal by dislocation glide occurs along the SS that have high SF. The stress-strain curves for double-slip bicrystals exhibit higher hardening than those for a single-slip bicrystal because of latent hardening.
Modifications of the GB character led to important changes in the deformation mechanisms at the GB. In general, bicrystals with fully-opaque boundaries deformed under unconstrained boundary conditions showed an increase in the dislocation density near the GB, which was associated with an increase in the Von Mises stress. Moreover, the plastic strains at the boundary were smaller than in the bulk. In contrast, the dislocation pile-ups and the stress concentration were less pronounced in the case of partiallytransparent boundaries as the slip in one grain can progress into the next grain with some degree of continuity. No stress concentrations were found at the GBs for fully-transparent boundaries, and there was continuity of strain across the boundary, which is not typical of most experimentally observed GBs (Hémery et al., 2018; Bieler et al., 2019) . For constrained periodic boundary conditions, the applied deformation is imposed and the accumulated plastic slip is almost the same for different types of GBs. The influence of GB nature (either opaque, partially-transparent or transparent) leads to higher local stresses to accommodate the imposed uniform deformation in the boundary as the opacity of the GB increases.
Nevertheless, the magnitudes of the dislocation pile-ups and stress concentrations at the GBs depended on the details of crystallographic slip and boundary conditions and this was demonstrated by comparing the idealized bicrystals oriented for single and double slip. The single slip oriented bicrystal enables easy slip transmission through the boundary, making the boundary more similar to a transparent condition. In contrast, when two SS have similar potential for activation in both grains, but only one pair is aligned, the strain is higher on the slip system pair that is aligned, but the effects of latent hardening cause the boundary to become almost as opaque as a fully opaque boundary. Therefore the conditions for slip transfer depend sensitively on the number of active SS in operation in the neighborhood. This outcome suggests that most boundaries will lead to nearly opaque conditions, and that some boundaries will be partially transparent. Thus. incorporating slip transfer into a crystal plasticity model that assumes that GBs are fully-opaque (Haouala et al., 2018) will lead to a slightly softer flow behavior, but whether this can better predict the local distribution of strain effectively remains to be assessed. Finally, the model was applied to a particular experimentally observed GB in which slip transfer was clearly operating. The appropriate application of the model to the most favored SS predicted significantly different levels of slip system activity than either the transparent or opaque cases, but in all three cases, the experimentally observed SS were among those that showed high activity in the simulations. Nevertheless, the actual boundary conditions in the experiment and the simulation are not the same, so this represents a reasonable demonstration that the model can produce a meaningful outcome, but it is not a validation of the model.
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